The formation of first nodules inhibits subsequent nodulation in younger regions of alfalfa (Medicago sativa L.) roots by a feedback regulatory mechanism that controls nodule number systemically (G Caetano-Anolles, WD Bauer [1988] Planta 175: 546-557). Following inoculation with wild-type Rhizobium mefiloti, almost all infections associated with cortical cell division developed into mature nodules. While the distribution of Rhizobiuminduced cell divisions closely paralleled the distribution of first emergent nodules, only 9 to 15% of total cell division foci failed to become functional nodules. Nodule formation was restricted to the primary root when plants were inoculated before lateral root emergence. Excision of these primary root nodules allowed nodules to reappear in lateral roots clustered around the location of the root tip at the time of nodule removal. Apparently, this region regained susceptibility to infection within the first hours after excision of primary nodules and suppression of nodulation was restored a day later probably due to the development of new infection foci. Our results suggest that alfalfa controls nodulation during the onset of cell division in the root cortex and not during infection development as in soybean.
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The interaction of bacteria of the genera Rhizobium and Bradyrhizobium with roots of leguminous plants results in the establishment of nitrogen-fixing nodules. Two early nodulation-specific host responses characterize the symbiosis, the deformation and marked curling of root hairs usually followed by bacterial penetration of the root hair cell wall in an infection thread, and proliferation of cortical cells that results in nodule organogenesis. Even before the infection thread is initiated, the cortical cells begin to divide, giving rise to a nodule primordium (9, 16, 24, 37, 38) . This process is one of the earliest induced morphological events that occur during the infection process and apparently is requisite for successful nodulation.
In soybean, a plant which develops spherical determinate nodules, the first divisions occur in the hypodermal layer (9) . In pea and alfalfa, temperate legumes with cylindrical or indeterminate nodules, the earliest divisions occur in the inner cortex (16, 24) . Induction of these localized centers of cell division requires diffusible substances secreted from the bac-'This work was supported by an endowment to the Racheff Chair of Excellence of The University of Tennessee, and the Tennessee Soybean Promotion Board.
teria (1, 19, 34) and expression of certain bacterial nodulation genes (15, 16) .
Only a small region close to the zone of root elongation appears to be susceptible to infection by rhizobia (2) (3) (4) . Nodule initiation within this region inhibits the development of additional nodules on the root, a phenomenon that has been termed autoregulation or feedback control of nodule formation (9, 25, 31) . Inoculation of one side of a split-root system strongly inhibited nodule formation on the other (5, 8, 23, 30, 33) , indicating that autoregulation becomes a systemic response in the host. The total number of nodules formed on both sides of the split-root system remained constant despite changes in time, dosage, and placement of the inoculum, indicating homeostatic control of nodule number in legume roots. Additional evidence of the systemic nature of the regulatory response comes from the isolation of legume mutants that nodulate profusely even in the presence of nitrate (10, 11, 14, 18, 21) . Some of these supernodulation mutants appear to lack feedback regulation of nodule number (6, 30) . Grafting experiments generally showed that when mutant shoots were grafted to parental rootstocks the plants retained the supernodulating phenotype, whereas parental shoots grafted to mutant rootstocks resulted in normal nodule numbers (13) . These findings implicate the shoot in the regulatory response.
Nutman showed that the extent of nodulation is regulated by the host plant (27) (28) (29) . He found that surgical excision of functional nodules or root tips in red clover stimulated the formation of new nodules (28) . This result was interpreted as the ability of established meristematic foci to inhibit new nodule formation. Anatomical studies in soybean showed that, while the emergence of nodules was suppressed in younger regions of the roots, nodule initiation was relatively constant throughout root development (9, 17, 26) . The observation that a large number of infections became arrested or aborted early in ontogeny suggests that maturation of nodule primordia into emergent nodules is the target ofhost feedback control in soybean. To our knowledge, no such study has been undertaken in other legumes. In the present paper, we provide evidence to suggest that feedback regulation of nodule formation in alfalfa is exerted at the level of nodule initiation and not during nodule development as in soybean. In an anatomical study of root infection, we show that almost all infections in alfalfa associated with cortical cell division develop into functional nodules. We also show that excision of mature alfalfa nodules allows new nodules to appear only in those regions of the root that are susceptible to Rhizobium infection at the time of nodule excision, indicating that feedback control in alfalfa occurs through the blockage of an early event during infection.
MATERIALS AND METHODS

Microorganisms and Plant Material
Wild-type alfalfa, Rhizobium meliloti RCR2011 (original designation SU47), was obtained from J. Denarie, CNRS-INRA, Castanet-Tolosan, France. Strain EJ300, a streptomycin-and rifampin-resistant derivative of RCR20 11, was obtained from E. Signer, Massachusetts Institute of Technology, Boston, MA. Bacteria were maintained in YEMG2 semisoft medium and grown in YEMG liquid medium as described (4 some cases, nodules that formed on both primary and secondary roots were carefully excised with a sterile scalpel and retrieved from the pouch. This dissection procedure was done once, twice, or even three times during the life of the plant at different times following inoculation. The location ofthe root tip of each lateral root was marked at the time of excision, and the number and location of nodules were determined both on primary and lateral roots. In some experiments, a second inoculum of the antibiotic-resistant strain EJ300 was applied at the time of nodule excision. Nodules that subsequently emerged were saved for nodule occupancy studies. Uninoculated control plants did not develop Rhizobiuminduced nodules, although some (<5%) of the plants formed spontaneous nodules with no bacteria.
Nodule Occupancy
Nodules were removed from the plants, surface sterilized with mercuric chloride, washed with sterile water, and crushed individually in Hoagland solution (4) . The presence of antibiotic-resistant bacteria in the nodules was determined by plating a 5 ,uL aliquot of the suspension in YEMG agar medium with or without streptomycin (100 ug/mL) and rifampin (50 ,ug/mL) and incubating the plates for 3 d at 30°C.
Microscopy
Infection development was studied with bright-field microscopy and a simple clearing and staining technique (35) . Slanted cuts were made at the RT mark to excise root segments. The roots were cleared in 5% sodium hypochlorite under vacuum for 30 to 45 min depending on the age of the roots, rinsed in distilled water, and stained with 0.01S% methylene blue for 30 
RESULTS
Cortical Cell Division in Alfalfa
The development of Rhizobium-induced cortical cell divisions was followed in time with bright-field microscopy. Events in the root cortex were seen beginning 1 Previously described features of mature and developing nodules (16, 20, 35, 36, 39) were also readily observed. It was common to find multilobed nodules with multiple apical meristems. Vascular bundles anastomosed with the stele of the root and traveled within the periphery of the nodule. These vascular elements were found to originate from several (usually two) connections to the central vasculature of the root, and their patterns were highly irregular in multilobed nodular structures. Figure 2 shows a detailed map of Rhizobium-induced cortical cell division foci occurring along the primary root 4, 8, and 14 d after inoculation. Only 9 to 15% oftotal cell division foci failed to become emerging nodules. These infections were seen around the RT mark and appeared as nodule primordia with several rounds of cell divisions that had occurred in the root inner cortex, similar to those found 2 to 3 d after inoculation. Roots examined 22 d following inoculation had also a small proportion of nonemergent cell division foci regardless of whether or not mature nodules were excised from the roots 8 d after inoculation (Fig. 3) . Infection threads were clearly visible in 7 out of 10 arrested or aborted cell division foci taken at random and analyzed in detail by sequential removal of layers of root tissue. Two of these foci had two infection threads converging toward the developing nodule primordia. Many infection threads were observed in the primary roots without associated cell division events, suggesting that bacterial stimulation of root cell division is not a prerequisite for invasion. These infections are most probably unable to form nodules (32) . Figure 4 shows the kinetics of nodule development in primary and lateral roots when plants were inoculated at different times after seed imbibition. Plants inoculated at 5 d formed the first emergent nodules earlier than if inoculated before or after that time (Fig. 4) 
Kinetics of Nodule Emergence
Effects of Nodule Excision
When fully developed nodules were excised and removed from the primary root, new nodules were formed on lateral roots (Fig. 5A) . These nodules appeared in numbers similar to the number of nodules excised if nodules were removed soon after reaching the nodulation plateau. Delays in excision caused maximal nodulation levels to increase to almost 30 nodules/plant (Figs. 5B, 6 ). The number of nodules obtained after excision was lineally correlated with the delay in excision (y = 1.114 x +0.091, R2 = 0.917, t < 0.05; Fig. 6 ). A second excision of newly formed lateral nodules caused nodules to emerge again this time on both primary and secondary laterals (Fig. 5A ).
Very few ifany primary root nodules emerged after excision of nodules 8 d postinoculation and were mainly located in younger regions of the primary root (data not shown). If a second inoculum containing R. meliloti EJ300, an antibioticresistant derivative of strain RCR20 1 1, was added at the time of excision, only antibiotic-sensitive bacteria were recovered from the few subsequently formed nodules, suggesting that these late nodules arose from infections that were already initiated 8 d postinoculation.
After nodule excision and very late in root development, root structures that resembled normal nodules were formed around and above the initially susceptible region of the primary roots at inoculation. In many cases, they were located at the sites of lateral-root emergence. Anatomical studies revealed that these structures lacked the histological markers characteristic ofa nodule but resembled modified lateral roots. When surface sterilized, few if any bacteria were recovered. No bacteroids were present in any of the cells examined and there were no infection threads (PA Joshi, G Caetano-Anolles, unpublished data).
After nodules were excised from the primary roots, new nodules emerged on the lateral roots only in those regions that were susceptible at the time of nodule removal, i.e. in the vicinity of the lateral RT mark made at the time of excision (Fig. 7) . Almost all new nodules were clustered around the location of the lateral RT mark with more than 90% of nodules being initiated within the following 24 h of excision. When the antibiotic-resistant strain EJ300 was inoculated at the time primary root nodules were removed, 30% of the nodules that subsequently emerged on the lateral roots above the RT mark contained antibiotic-resistant bacteria. This confirms that at least some of the nodulation in this region results from newly initiated infections. 
DISCUSSION
Nodulation in alfalfa is developmentally restricted to the region of emerging root hairs (2, 4) and is controlled by an active negative feedback regulatory mechanism that suppresses subsequent nodule formation (5 were found. These centers of cell division appeared generally in the vicinity of regions of maximal nodule emergence and had associated infection threads. We assume these foci represent arrested or aborted infections. In contrast to soybean, almost all cortical cell division foci that were initiated in alfalfa developed into mature nodules. In soybean, many subepidermal cell division foci were initiated in the primary roots, but relatively few harbored infection threads, and an even smaller proportion developed into nodules (9) . A similar high multiplicity of infections to nodules has been described in other legumes (12, 29, 32) . The maturation of infections in younger regions of soybean roots was suppressed by prior exposure of older regions to rhizobia but infection initiation was not (9, 17) . Serial sectioning of inoculated roots of soybean cv Bragg and the supernodulating mutant derivative nts382 showed that, 5 d after inoculation, the number of infected and uninfected cell division foci was similar in the two genotypes (26) . However, cell divisions in nts382 reached more advanced stages of development resulting in the formation of a larger number of emergent nodules. Mutant nts382 fails to regulate nodulation apparently because of a diminished ability to arrest or abort cell divisions in the cortex and pericycle during infection development.
In alfalfa, excision of the first nodules apparently released the autoregulatory suppression of further nodule formation. The subsequently formed nodules were located almost exclusively on lateral roots, especially around the position of the root tip at the time of excision (Fig. 7) . These results indicate that the region of emerging root hairs regained susceptibility to infection within the first hours after excision of primary nodules. Surgical excision ofthe newly formed lateral nodules caused a third and even stronger burst of nodule formation 
